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Abstract: Background: Subsolid nodules (SSNs) pose a diagnostic challenge in lung adenocarcinoma management. 
High-resolution computed tomography (HRCT) allows detailed characterization of SSNs, aiding in distinguishing 
pathological subtypes. Objective: To investigate the correlation between HRCT features and pathological subtypes 
of SSNs, and their association with nodule size and morphological features. Methods: Clinical and HRCT data from 
84 patients with surgically confirmed lung adenocarcinoma were retrospectively analyzed. All patients underwent 
preoperative CT scans, with lesions measuring ≤3.0 cm and a ground-glass opacity component ≥50%. The evalu-
ated CT characteristics included leison size, lobulation, spiculation, pleural indentation, and CT values. Pathological 
diagnosis were established according to the latest classification standards. Results: Significant differences were 
observed among AIS, MIA, and IAC groups in age, lobulation, spiculation, and nodule size (all P<0.01). IAC showed 
larger size (90.9% between 8-10 mm) and more aggressive features than AIS (57.6% ≤8 mm). Advanced vascular 
and bronchial patterns were associated with invasive subtypes (P<0.001). EGFR+ tumors exhibited larger size and 
higher CT values. Multivariate analysis identified age ≥55, lesion diameter ≥8.51 mm, and bronchial pattern as 
significant predictors for distinguishing MIA from IAC. Conclusion: HRCT features effectively reflect pathological in-
vasiveness of SSNs and can assist in differentiating lung adenocarcinoma subtypes, providing valuable information 
for diagnosis and treatment planning.

Keywords: Subsolid nodules, HRCT (high-resolution computed tomography), lung adenocarcinoma, Chinese lung 
adenocarcinoma patients, microvessel density EGFR mutation

Introduction

Lung cancer remains the leading cause of can-
cer-related mortality globally, with lung adeno-
carcinoma (LAC) being the most prevalent his-
tological subtype of non-small cell lung cancer 
(NSCLC) [1]. The prognosis of LAC is highly 
dependent on its stage at diagnosis, under-
scoring the critical importance of early and 
accurate detection. The widespread adoption 
of low-dose computed tomography (LDCT) 
screening has led to a significant increase in 
the detection of subsolid nodules (SSNs), which 
include pure ground-glass nodules (GGNs) and 
part-solid nodules (PSNs) [2, 3].

These detected SSNs often represent a spec-
trum of preinvasive to invasive adenocarcino-

mas, such as atypical adenomatous hyperpla-
sia (AAH), adenocarcinoma in situ (AIS), 
minimally invasive adenocarcinoma (MIA), and 
invasive adenocarcinoma (IAC). Given that each 
carry vastly different management implications 
and prognostic outcomes, these SSNs pose a 
unique diagnostic challenge for clinicians [4]. 
High-resolution computed tomography (HRCT) 
serves as a fundamental tool for the non-inva-
sive characterization of subsolid nodules (SSNs) 
by revealing critical morphological features 
such as lobulation, spiculation, and pleural 
indentation, as well as quantifying variations  
in density. HRCT advancements have refined 
diagnostic precision, facilitating enhanced  
discrimination of SSNs’ pathological nature 
(benign vs. malignant), growth tracking, and 
malignancy risk prediction with greater preci-
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sion [5]. However, the exact relationship be- 
tween these imaging characteristics and the 
underlying pathological subtypes is not yet fully 
understood, particularly in specific populations. 
Current management guidelines rely heavily on 
nodule size and solid component growth for 
decision-making [6]. A more nuanced and pre-
dictive model integrating a wider array of quan-
titative and qualitative HRCT characteristics 
could significantly refine pre-operative diagno-
sis, potentially avoiding unnecessary interven-
tions for indolent lesions or advocating for time-
ly resection of aggressive ones.

The integration of radiological phenotypes with 
genomic biomarkers, such as epidermal growth 
factor receptor (EGFR) mutation status, is a cor-
nerstone of precision medicine in advanced 
NSCLC but is less explored in early-stage SSNs 
[7]. Understanding whether specific HRCT fea-
tures can serve as non-invasive surrogates for 
aggressive biology or mutation status could 
provide a powerful tool for risk stratification. 
Clarifying the link between imaging traits and 
pathological stages can aid in formulating clini-
cal management guidelines and follow-up pro-
tocols for LAC patients presenting with SSNs, 
thereby enabling risk-stratified, individualized 
interventions and ultimately improving clinical 
outcomes [8].

The primary objective of this study is to rigor-
ously evaluate the correlations between a com-
prehensive set of HRCT imaging characteris-
tics, including both morphological signs and CT 
attenuation values, and the definitive patho-
logical subtypes (AIS, MIA, and IAC). A key  
innovation of our work is the additional explora-
tion of the association between these radiologi-
cal features and EGFR mutation status. We 
hypothesize that specific HRCT features can 
reliably predict not only pathological invasive-
ness but also underlying genomic profiles. Our 
findings may provide clinicians with a more 
robust imaging-based framework for differ- 
entiating between indolent and aggressive 
SSNs. This work will inform more personalized 
management strategies, guide decision-mak-
ing regarding surgical timing versus follow-up, 
and contribute to the development of inte- 
grated diagnostic models that combine imag-
ing and genomics to enhance precision medi-
cine in early-stage lung adenocarcinoma.

Methods

Study design and patient selection

This single-center, retrospective study was 
approved by the Nanping First Hospital Affili- 
ated to Fujian Medical University Review Board 
with a waiver for informed consent. We initially 
screened patients with pathologically con-
firmed LAC who underwent surgical resection 
between January 2020 and December 2022 at 
Nanping First Hospital, affiliated with Fujian 
Medical University. All patients underwent pre-
operative contrast-enhanced dual-energy spec-
tral computed tomography (DESCT) two weeks 
prior to surgery.

Inclusion criteria: (1) Availability of complete 
clinicopathological and imaging records for ret-
rospective analysis; (2) Adult patients (≥18 
years) with a confirmed histopathological diag-
nosis of LAC from the surgical specimen; (3) 
Availability of complete molecular testing re- 
sults, including EGFR mutation status and 
Ki-67 labeling index; (4) Availability of preopera-
tive DESCT images with dual-energy spectral 
imaging (GSI) acquisition that met the diagnos-
tic quality requirements.

Exclusion criteria: (1) History of any other malig-
nant tumors or previous neoadjuvant therapy 
(chemotherapy, radiotherapy, or immunothera-
py) prior to the CT scan; (2) Postoperative 
pathology confirming benign lesions, metastat-
ic tumors to the lung, or non-adenocarcinoma 
malignancies; (3) Incomplete clinical, pathologi-
cal, or genetic data that precluded comprehen-
sive analysis; (4) Inadequate DESCT image 
quality due to severe artifacts (e.g., from respi-
ratory motion, metal implants) or insufficient 
contrast enhancement, which could affect 
accurate quantitative analysis.

After applying these criteria, 150 patients were 
ultimately enrolled in the final cohort. The 
detailed patient selection process is illustrated 
in Figure 1.

Data extraction and management

Data extraction was performed independently 
by two trained radiologists who were blinded to 
the pathological results and genetic status. A 
standardized data collection form was used to 
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Figure 1. Flow chart for patient selection in this study.

extract the following data from the electronic 
medical records and the Picture Archiving and 
Communication System (PACS):

• Demographics: age and sex.

• Imaging features: DESCT images were ac- 
quired using the scanner following a standard-
ized protocol. Scanning parameters included: 
tube voltage of 80 kVp and 140 kVp with a  
tin filter, tube current of 210 mAs, and collima-
tion of 128 × 0.6 mm. Images were recon-
structed with a slice thickness of 1 mm. 
Features extracted included nodule size, mor-
phological characteristics (e.g., lobulation, spic-
ulation, pleural indentation), and quantitative 
parameters (e.g., iodine concentration, spec-
tral Hounsfield unit curve slope) [9]. 

• Pathological results: Hematoxylin and eosin-
stained sections were reviewed by two experi-
enced pathologists (blinded to the imaging find-
ings) to confirm the diagnosis. The pathological 
diagnosis and classification of LAC, specifically 
the categories of AIS, MIA, and IAC, were per-
formed according to the 2021 WHO classifica-
tion of lung tumors [10]. In cases of discrepant 
diagnosis between the two pathologists, a joint 
review session was held under a multi-head 
microscope to re-examine the slides and reach 
a final consensus.

• Molecular biomarkers: EGFR mutation status 
(detected by PCR-based assays) and Ki-67 
labeling index (determined by immunohisto-
chemistry [IHC]) were recorded from pathology 
reports [11, 12]. For EGFR mutation analysis, 
genomic DNA was extracted from formalin-

fixed, paraffin-embedded (FF- 
PE) tumor tissues. The pres-
ence of common EGFR muta-
tions (including exon 19 dele-
tions and exon 21 L858R 
mutation) was detected by the 
amplification refractory muta-
tion system (ARMS), using the 
EGFR 29 Mutations Detection 
Kit (ADx-EG0X, AmoyDx, Xia- 
men, China) following the man-
ufacturer’s protocol. Ki-67 ex- 
pression was evaluated by IHC 
on tumor tissue sections using 
an automated immunostainer 
(BenchMark XT, Roche Ven- 
tana, Tucson, AZ, USA) and a 

monoclonal rabbit anti-human Ki-67 antibody 
(ab16667, Abcam, USA). The labeling index was 
quantified by counting the percentage of posi-
tively stained tumor cell nuclei. Assessment 
was performed in areas of highest nuclear 
staining (hotspots), and at least 1,000 tumor 
cells were counted per case at high-power mag-
nification (×400). The Ki-67 labeling index was 
treated as a continuous variable and also as a 
binary variable for analysis. A high Ki-67 expres-
sion was defined as a labeling index ≥20%, 
based on established criteria and the quantifi-
cation method described above. Representa- 
tive photomicrographs of Ki-67 staining across 
different pathological subtypes (AIS, MIA, IAC) 
are provided in Figure S1. 

The extracted data were managed in a dedicat-
ed database. Any discrepancies in the extract-
ed data were resolved by consensus between 
the two readers or by consulting a senior 
radiologist.

Outcome measures

The primary outcome of this study was the 
pathological invasiveness grade of lung adeno-
carcinoma. The secondary outcomes included 
EGFR mutation status, which was dichotomized 
as positive (mutant) or negative (wild-type) 
based on the ARMS-PCR analysis (as detailed 
in Molecular biomarkers section).

Statistical analysis

Continuous variables were expressed as mean 
± standard deviation or median (interquartile 
range), based on their distribution, and categor-



High-resolution CT signs of subsolid nodules in lung adenocarcinoma

720	 Am J Transl Res 2026;18(1):717-728

ical variables were presented as frequencies 
(percentages). The normality of continuous 
data was assessed using the Shapiro-Wilk test.

For comparisons across the three pathological 
subtypes (AIS, MIA, and IAC): An omnibus test 
was first conducted to determine if any signifi-
cant differences existed among the groups; for 
continuous variables, the Kruskal-Wallis H test 
(for non-normally distributed data) or one-way 
ANOVA (for normally distributed data) was used 
for this overall comparison; for categorical vari-
ables, the Fisher’s exact test was used; If the 
omnibus test result was significant (P<0.05), 
post-hoc pairwise comparisons were per-
formed. For continuous variables, Dunn’s test 
with a Bonferroni adjustment was used for non-
parametric data, while Tukey’s HSD test was 
employed for parametric data. For categorical 
variables, pairwise Fisher’s exact tests with 
Bonferroni-adjusted significance levels were 
conducted.

Inter-observer agreement for the assessment 
of imaging features was evaluated using the 
intraclass correlation coefficient (ICC) for con-
tinuous variables or Cohen’s kappa statistic for 
categorical variables.

The primary statistical analyses involved binary 
logistic regression models to identify inde- 
pendent predictors of invasiveness. Given the 
ordinal nature of pathological progression 
(AIS→MIA→IAC), the dependent variable was 
defined in two clinically relevant ways: Model  
1 (IAC vs. Non-IAC): Comparing Invasive 
Adenocarcinoma (IAC) against the combined 
group of pre-invasive and minimally invasive 
lesions (AIS + MIA). Model 2 (Invasive vs. Pre-
Invasive): Comparing all lesions containing 
invasive components (MIA + IAC) against pre-
invasive lesions (AIS).

Variables with a p-value <0.1 in univariate anal-
ysis were included in the multivariate model. 
The final multivariate model was constructed 
using a backward stepwise elimination method 
based on the likelihood ratio test, with a signifi-
cance level of P<0.05 for variable retention. 
Model fit was assessed using the Hosmer-
Lemeshow test. Results were presented as 
odds ratios (OR) with 95% confidence intervals 
(CI). The discriminatory performance of the sig-
nificant multivariate logistic regression model 

(Model 1: IAC vs. Non-IAC) was evaluated using 
receiver operating characteristic (ROC) curve 
analysis, and the area under the curve (AUC) 
was calculated. The DeLong test was used to 
compare AUCs if necessary.

All statistical analyses were performed us- 
ing SPSS software (version 26.0; IBM Corp., 
Armonk, NY, USA) and R software (version 
4.0.2; R Foundation for Statistical Computing, 
Vienna, Austria) with the dunn.test and pROC 
packages. A two-sided p-value <0.05 was  
considered statistically significant, except for 
post-hoc pairwise comparisons, where the 
Bonferroni-adjusted significance level was 
applied.

Results

Patient and nodule characteristics

A total of 84 patients with subsolid nodules 
(SSNs) were included in the final analysis. The 
baseline clinical and radiological characteris-
tics of the cohort are summarized in Table 1. 
The mean age of the participants was 55.4 ± 
12.5 years, with a female predominance 
(65.5%). The nodules had a mean diameter of 
8.51 ± 1.47 mm and an average CT attenuation 
of -283.79 ± 217.59 HU. The majority of nod-
ules were part-solid (60.2%) and located in the 
right upper lobe (31.0%).

Differentiation of pathological subtypes (AIS, 
MIA, and IAC)

Significant differences in clinical and radiologi-
cal features were observed across the three 
pathological subtypes (AIS, MIA, and IAC), as 
detailed in Table 2.

• Clinical Features: Patients with IAC were sig-
nificantly older (63.7 ± 9.2 years) than those 
with MIA (56.0 ± 10.2 years) or AIS (49.4 ± 13.2 
years) (P=0.0001). No significant difference in 
sex distribution was found.

• Morphological Features: Malignancy-ass- 
ociated morphological signs became increas-
ingly prevalent with higher invasiveness. Spi- 
culation was absent in AIS but was observed  
in 58.6% of MIA and 90.9% of IAC nodules 
(P<0.0001). Lobulation was also significantly 
more pronounced in IAC (50.0% with severe 
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Table 1. Clinical and radiological characteristics of included 
patients
Variables Patients (n=84)
Age 55.4 ± 12.5
Sex 84 (100)
    Male 29 (34.5)
    Female 55 (65.5)
Location 84 (100)
    LLL 19 (22.6)
    LUL 16 (19.1)
    RLL 17 (20.2)
    RML 6 (7.1)
    RUL 26 (31.0)
Morphologic features
    Clear margin 44 (52.4)
    Lobulated sign 84
        none 12 (14.3)
        slight 32 (38.1)
        modertate 23 (27.4)
        severe 17 (20.2)
    Spiculated sign 37 (44.1)
    Vacuole sign 15 (17.9)
    Pleural indentation 84
        none 1 (1.2)
        one 38 (45.2)
        more than two 45 (53.6)
    Morphology 84
        circular 35 (41.7)
        oval 20 (23.8)
        irregular 29 (34.5)
Mean diameter (mm) 8.51 ± 1.47

8.51 (7.04-9.98)
Mean CT value (HU) -283.79 ± 217.59

-283.79 (-501 to -66)
Artery -256.08 ± 207.08

-256.08 (-463 to -49)
Vein -253.28 ± 203.36

-253.28 (457 to -49)
Vascular category 84 (100)
    I. No relation 5 (6.0)
    II. Vessels normal 24 (28.6)
    III. Vessels twisted and dilated 32 (38.1)
    IV. More complex 23 (27.4)
Bronchial category 84 (100)
    I. Course truncated 8 (9.5)
    II. Solid distortion and dilation 26 (31.0)
    III. Ground-glass distortion and dilati 19 (22.6)
    IV. Course normal 11 (13.1)
    V. Bypassing 20 (23.8)

lobulation) compared to AIS 
and MIA (P<0.0001). IAC nod-
ules were predominantly irreg-
ular in shape (63.6%), whereas 
AIS nodules were primarily cir-
cular (P<0.0001).

• Quantitative Features: Both 
mean nodule diameter and CT 
attenuation values increased 
significantly with invasiveness. 
IAC nodules had the largest 
diameter (9.50 ± 0.70 mm) 
and highest density (-88.01 ± 
173.17 HU), while AIS nodules 
had the smallest size (7.74 ± 
1.56 mm) and lowest den- 
sity (-397.45 ± 155.91 HU) 
(P<0.001).

• Vascular and Bronchial Re- 
lations: More complex vascular 
patterns (twisted/dilated) and 
bronchial alterations (trunca-
tion/distortion) were strongly 
associated with the IAC sub-
type (P<0.0001 for both).

The representative HRCT imag-
es illustrating the spectrum of 
features from AIS to IAC are 
shown in Figure 2. The distri-
bution of pathological sub-
types across different nodule 
sizes is further visualized in 
Figure 3, confirming that larger 
nodules (8-10 mm) were signif-
icantly more likely to be IAC 
(90.9%), whereas smaller nod-
ules (≤8 mm) were predomi-
nantly AIS (57.6%) (P=0.001).

Associations with EGFR muta-
tion status

As shown in Table 3, EGFR 
mutation status (positive vs. 
negative) was not associated 
with any specific morphologi- 
cal features or SSN subtype. 
However, EGFR-positive tumors 
exhibited significantly larger 
diameters and higher CT atten-
uation values (higher HU) com-
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Subtype of SSNs 84 (100)
    NSN 33 (39.3)
    PSN 51 (60.7)
Note: AIS, adenocarcinoma in situ; MIA, minimally invasive adenocarcinoma; IAC, 
invasive adenocarcinoma; RLL, right lower lobe; RML, right middle lobe; RUL, right 
upper lobe; LLL, left lower lobe; LUL, left upper lobe; CT, computed tomography; 
HU, Hounsfield units; SSN, subsolid nodules; NSN, nonsolid nodule; PSN, part-
solid nodule.

pared to EGFR-negative tumors. Furthermore, 
as presented in Table 4, no significant correla-
tion was found between EGFR status and the 
pathological subtypes (AIS, MIA, IAC).

Predictive modeling for invasiveness

Univariate logistic regression analysis (Table 5) 
demonstrated that age ≥55 years, diameter 
≥8.51 mm, and bronchial category (types I/II) 
were significant predictors for differentiating 
minimally invasive adenocarcinoma from inva-
sive adenocarcinoma, whereas other radiologi-
cal features did not show statistical signifi-
cance in this analysis. A multivariate logistic 
regression model was developed to differenti-
ate MIA from IAC (Table 6). Age ≥55 years, 
lesion diameter ≥8.51 mm, and the presence 
of specific bronchial patterns were identified as 
independent significant predictors. A predictive 
model incorporating these variables demon-
strated excellent discriminatory power, with an 
AUC of 0.873 (95% CI: 0.779-0.967, P<0.001) 
in the ROC analysis (Figure 4). In contrast, no 
significant predictors were identified to differ-
entiate AIS from MIA in the multivariate analy-
sis (Tables S1-S3).

Discussion

Our comprehensive examination of HRCT fea-
tures in Chinese patients with SSNs confirms 
and extends the established role of imaging in 
predicting the pathological stage of LAC. The 
present findings demonstrate that quantitative 
and qualitative HRCT characteristics are close-
ly associated with tumor invasiveness, provid-
ing a non-invasive insight into underlying tumor 
biology.

The strong correlation between increasing nod-
ule size and invasiveness (IAC: 9.50 ± 0.70 mm 
vs. AIS: 7.74 ± 1.56 mm) aligns with the funda-
mental principle of tumor growth [13]. Larger 
size often reflects a greater burden of proli- 
ferative cells and the accumulated potential  

for invasion through the base-
ment membrane, which may 
explain why nodules exceeding 
8 mm frequently necessitate 
more aggressive management 
[14]. Beyond lesion size alone, 
the morphological progression 
from smooth, well-defined AIS 
nodules to spiculated and lob-
ulated IAC lesions is particu-

larly indicative of increasing invasiveness. The 
near-ubiquitous presence of spiculation in IAC 
(90.9%) and its absence in AIS suggests that 
this feature is a radiological hallmark of a pro-
invasive tumor microenvironment. Recent stud-
ies utilizing AI-enhanced HRCT have further 
validated spiculation as a key independent pre-
dictor of invasiveness, underscoring its reliabil-
ity [15-17]. These spiculations likely represent 
a desmoplastic stromal reaction and fibrotic 
band formation elicited by the invasive tumor 
cells, as previously described [18]. Similarly, 
the observed increase in vascular complexity 
(twisted/dilated vessels) and bronchial altera-
tions with advancing stage underscores the 
tumor’s ability to recruit and remodel its local 
vasculature to support its growth, a phenome-
non well-documented in oncology [8].

A pivotal finding of our study is the significant 
difference in CT attenuation values across 
pathological subtypes. The progression from 
low-attenuation AIS (-397.45 ± 155.91 HU) to 
higher-attenuation IAC (-88.01 ± 173.17 HU) 
likely mirrors the underlying histopathological 
changes. AIS, representing lepidic growth with-
out invasion, is characterized by tumor cells lin-
ing intact alveolar structures, preserving air-
space and resulting in lower density. In contrast, 
IAC exhibits invasive patterns such as acinar, 
papillary, or solid growth, which replace the air-
filled parenchyma with cellular tissue, fibrosis, 
and possible collapse, thereby increasing radio-
logical density [19]. This transition from air to 
tissue dominance provides a mechanistic 
explanation for the increasing CT values and 
enhances our understanding of how imaging 
phenotypes reflect histological progression. 
Emerging multi-omics research, including pro-
teogenomic studies, suggests that this radio-
logical transition may reflect profound biologi-
cal shifts during invasion, such as dysregulated 
cholesterol metabolism and increased endo-
plasmic reticulum stress, thereby establishing 
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Table 2. Comparison of clinical and radiological characteristics across three patient groups
Variables AIS IAC MIA F/U/χ2 P value
Number 33 22 29
Age 49.4 ± 13.2 63.7 ± 9.2 56.0 ± 10.2 10.710 <0.001a

Sex 1.313 0.519c

    Male 9 (27.3) 9 (40.9) 11 (37.9)
    Female 24 (72.7) 13 (59.1) 18 (62.1)
Location 9.453 0.320c

    LLL 8 (24.2) 7 (31.8) 4 (13.8)
    LUL 5 (15.2) 3 (13.6) 8 (27.6)
    RLL 4 (12.1) 7 (31.8) 6 (20.7)
    RML 2 (6.1) 1 (4.6) 3 (10.3)
    RUL 14 (42.4) 4 (18.2) 8 (27.6)
Morphologic features 5.479 0.065
    Clear margin 13 (39.4) 11 (50.0) 20 (67.0)
    Lobulated sign 36.210 <0.001c

        none 11 (33.3) 0 1 (3.5)
        slight 16 (48.5) 3 (13.6) 13 (44.8)
        modertate 5 (15.2) 8 (36.4) 10 (34.5)
        severe 1 (3.0) 11 (50.0) 5 (17.2)
    Spiculated sign 0 20 (90.9) 17 (58.6) 48.080 <0.001c

    Vacuole sign 4 4 (90.9) 7 (58.6) 0.467c

    Pleural indentation 33 22 29 0.025c

        none 0 1 (4.6) 0
        one 20 (60.6) 5 (22.7) 13 (44.8)
        more than two 13 (39.4) 16 (72.7) 16 (55.2)
    Morphology 33 22 28 <0.001c

        circular 33 (100) 0 2 (7.1)
        oval 0 8 (36.4) 11 (39.3)
        irregular 0 14 (63.6) 16 (55.2)
Mean diameter (mm) 7.74 ± 1.56

7.74 (6.18-9.30)
9.50 ± 0.70
9.50 (8.80-10.20)

8.63 ± 1.35
8.63 (7.28-9.98)

12.090 <0.001b

Mean CT value (HU) -397.45 ± 155.91
-397.45 (-553 to -242)

-88.01 ± 173.17
-88.01 (-261 to 85)

-306.89 ± 209.32
-397.45 (-516 to -98)

19.750 <0.001

Artery -358.79 ± 144.50
-358.79 (-503 to -214)

-46.79 ± 122.61
-46.79 (-169 to 76)

-315.09 ± 198.08
-315.09 (-513 to -117)

27.420 <0.001

Vein -343.91 ± 150.87
-343.91 (-495 to -193)

-44.88 ± 117.46
-44.88 (-162 to 73)

-310.36 ± 194.98
-310.36 (-505 to -115)

25.690 <0.001

Vascular category 77.670 <0.001
    I. No relation 5 (15.1) 0 0
    II. Vessels normal 24 (72.7) 0 0
    III. Vessels twisted and dilated 4 (12.1) 8 (36.4) 20 (69.0)
    IV. More complex 0 14 (63.6) 9 (31.0)
Bronchial category 77.100 <0.001
    I. Course truncated 0 7 (31.8) 1 (3.5)
    II. Solid distortion and dilation 0 11 (50.0) 15 (51.7)
    III. Ground-glass distortion and dilati 4 (12.1) 4 (18.2) 11 (37.9)
    IV. Course normal 9 (27.3) 0 2 (6.9)
    V. Bypassing 20 (60.6) 0 0
Subtype of SSNs 28.270 <0.001
    NSN 24 (72.7) 1 (4.54) 8 (27.6)
    PSN 9 (27.3) 21 (95.46) 21 (72.4)
Notes: a, Anova-test; b, Kruskal-Wallis-test; c, Pearson χ2 test; AIS, adenocarcinoma in situ; MIA, minimally invasive adeno-
carcinoma; IAC, invasive adenocarcinoma; RLL, right lower lobe; RML, right middle lobe; RUL, right upper lobe; LLL, left lower 
lobe; LUL, left upper lobe; CT, computed tomography; HU, Hounsfield units; SSN, subsolid nodules; NSN, nonsolid nodule; PSN, 
part-solid nodule.
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Figure 2. Imaging characteristics of subsolid 
nodules (A: IAC; B: MIA; C: AIS). Notes: AIS, ad-
enocarcinoma in situ; MIA, minimally invasive 
adenocarcinoma; IAC, invasive adenocarcinoma.

Figure 3. Composition of pathological subtypes 
across different diameter groups. Stacked bar chart 
showing the proportional distribution of subsolid 
nodules in two diameter groups (≤8 mm, >8-≥10 
mm) within each pathological subtype: adenocar-
cinoma in situ (AIS), minimally invasive adenocar-
cinoma (MIA), and invasive adenocarcinoma (IAC). 
This figure displays the distribution of pathological 
subtypes of subsolid nodules (SSNs) across different 
diameter ranges. The subtypes include: Adenocarci-
noma in Situ (AIS) with 33 cases (39.3%), Invasive 
Adenocarcinoma (IAC) with 26.2%, and Minimally 
Invasive Adenocarcinoma (MIA) with 34.5%. For AIS, 
57.6% had a mean diameter ≤8 mm and 42.4% had 
a diameter of 8-10 mm. For IACs, the respective per-
centages were 9.1% and 90.9%; for MIAs, they were 
27.6% and 72.4%. A chi-square test showed signifi-
cant differences among the three subtypes across 
diameter groups (P=0.001).

a direct link between imaging features and 
molecular pathogenesis [20, 21].

The novelty of our work lies in the application of 
DESCT within a Chinese cohort, demonstrating 

that a model integrating age, lesion diameter, 
and bronchial changes can effectively discri- 
minate between invasive and non-invasive 
lesions. This approach provides a pragmatic 
and quantitative framework using existing clini-
cal CT protocols. Notably, the frontier of techni-
cal refinement is rapidly advancing, as exempli-
fied by a recent study that developed a machine 
learning model based on ultra-high-resolution 
CT (2048-matrix) radiomic features, which 
achieved an even higher predictive perfor-
mance (AUC: 0.863) [22]. This comparison not 
only validates the critical role of imaging data 
quality but also points to a promising future 
direction: the potential integration of spectral 
information from DESCT with high-resolution 
morphometric details to build a next-genera-
tion, fused predictive model.

Despite these insights, several limitations must 
be acknowledged. First, the retrospective, sin-
gle-center design may introduce selection bias 
and limits the generalizability of our findings. 
Second, the sample size, particularly for the IAC 
subgroup, was relatively small, which may 
affect the stability of the statistical models and 
necessitate validation in a larger, prospective 
multicenter cohort. Third, while we correlated 
imaging features with EGFR status, a more 
comprehensive genomic analysis incorporating 
other drivers (e.g., ALK, ROS1, KRAS) could pro-
vide a deeper understanding of the mole- 
cular determinants of radiological phenotypes. 
Future studies should focus on longitudinal 
observations of SSNs to capture radiological 
evolution and integrate a broader panel of 
molecular biomarkers to build predictive mod-
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Table 3. Diagnostic CT features associated with EGFR mutation status in lung adenocarcinoma 
[EGFR(-) vs. EGFR(+)]
Variable EGFR (-) EGFR (+) T/U/χ2 P value
Number 39 45
Morphologic features 1.368 0.850
    smooth 24 (61.54) 20 (44.44)
    lobulated 34 (87.18) 38 (84.44)
    spiculated 12 (30.77) 15 (33.33)
    vacuolated 6 (15.38) 9 (20.00)
    pleural indentation 37 (94.87) 43 (95.56)
Morphology 3.633 0.163
    circular 12 (30.77) 23 (51.11)
    oval 10 (25.64) 9 (20.00)
    irregular 17 (43.59) 13 (28.89)
Mean diameter (mm) 8.11 ± 1.68 8.86 ± 1.19 2.384 0.020
Mean CT value (HU) -326.95 (-610.6, 99) -149.9 (-752.6, 61.6) 1.172 0.011
Subtype of SSNs 0.092 0.761
    NSN 16 (41.03) 17 (37.78)
    PSN 23 (58.97) 28 (62.22)
Notes: EGFR, epidermal growth factor receptor; HU, Hounsfield units; SSN, subsolid nodules; NSN, nonsolid nodule; PSN, part-
solid nodule.

Table 4. Pathological subtype distribution in EGFR-positive (+) vs. EGFR-negative (-) lung adenocarci-
nomas
Variable EGRF (-) EGRF (+) χ2 P value
Number 39 45
    AIS 16 (41.03) 17 (37.78) 0.147 0.761
    IAC 10 (25.64) 12 (28.89) 0.011 0.915
    MIA 13 (33.33) 16 (35.56) 0.046 0.831
Notes: EGFR, epidermal growth factor receptor; AIS, adenocarcinoma in situ; MIA, minimally invasive adenocarcinoma; IAC, 
invasive adenocarcinoma.

Table 5. Univariate logistic regression analysis of significant factors differentiating MIA from IAC
Category/Definition OR (95% CI) P-value

Age ≥55 years vs <55 years 3.8 (1.2-12.1) 0.023
Diameter ≥8.51 mm vs <8.51 mm 4.2 (1.3-13.5) 0.016
Lobulated sign Moderate/Severe vs None/Slight 1.8 (0.4-8.0) 0.450
Spiculated sign Present vs Absent 3.1 (0.5-18.9) 0.220
Pleural indentation >1 vs ≤1 2.1 (0.7-6.3) 0.180
Morphology Irregular vs Circular/Oval 1.4 (0.5-3.9) 0.520
Mean CT value ≥-200 HU vs <-200 HU 2.5 (0.5-12.5) 0.260
Vascular category III/IV vs I/II 2.3 (0.8-6.6) 0.120
Bronchial category I/II vs III/IV/V 8.5 (2.6-27.8) <0.001
Subtype of SSNs PSN vs NSN 2.0 (0.3-13.5) 0.470
Notes: HU, Hounsfield units; SSN, subsolid nodules; NSN, nonsolid nodule; PSN, part-solid nodule; MIA, minimally invasive 
adenocarcinoma; IAC, invasive adenocarcinoma.
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Table 6. Multivariate logistic regression analysis of significant factors differentiating MIA from IAC
B S.D Wald P value OR 95% CI

Age 2.715 1.047 6.722 0.010 15.111 1.94-117.71
Diameter 2.820 1.212 5.411 0.020 16.775 1.56-180.54
Bronchial category -4.147 1.543 7.221 0.007 0.016 0.001-0.325

Figure 4. ROC curve analysis of the predictive model 
for IAC detection using significant MIA/IAC discrimi-
nators. Notes: AIS, adenocarcinoma in situ; MIA, 
minimally invasive adenocarcinoma; IAC, invasive 
adenocarcinoma.

els that are both radiologically and biologically 
informed [7]. Furthermore, the integration  
of cutting-edge imaging technologies like pho-
ton-counting CT, which offers ultra-high spatial 
resolution, could further refine feature analysis 
and improve non-invasive characterization 
[23-25].

Conclusion

This study demonstrates significant correla-
tions between DESCT parameters and patho-
logical grades, suggesting that this imaging 
modality may enhance the reliability of tu- 
mor staging. Conclusively, DESCT facilitates tai-
lored therapeutic approaches through more 
precise tumor characterization, underscoring 
the necessity of incorporating advanced imag-
ing systems in lung cancer diagnostics.
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Figure S1. Representative Ki-67 expression dected by immunohistochemistry.

Table S1. Univariate logistic regression analysis for differentiating AIS from MIA
Category/Definition OR (95% CI) P-value

Age ≥55 years vs <55 years 1.62 (0.58-4.49) 0.355
Diameter ≥8 mm vs <8 mm 1.95 (0.73-5.21) 0.182
Lobulated sign Moderate/Severe vs None/Slight 1.78 (0.66-4.78) 0.255
Spiculated sign Present vs Absent 2.41 (0.45-12.98) 0.305
Mean CT value ≥-300 HU vs <-300 HU 1.88 (0.69-5.13) 0.216
Vascular category III/IV vs I/II 2.15 (0.74-6.25) 0.160
Bronchial category I/II/III vs IV/V 1.92 (0.70-5.26) 0.202
Subtype of SSNs PSN vs NSN 1.55 (0.55-4.35) 0.406
Notes: AIS, adenocarcinoma in situ; MIA, minimally invasive adenocarcinoma; SSN, subsolid nodules; NSN, nonsolid nodule; 
PSN, part-solid nodule.

Table S2. Multivariate logistic regression analysis for differentiating AIS from IAC
Category/Definition OR (95% CI) P-value

Age ≥55 years vs <55 years 2.25 (0.79-6.41) 0.128
Diameter ≥9 mm vs <9 mm 2.88 (0.97-8.55) 0.047
Lobulated sign Moderate/Severe vs None/Slight 3.12 (0.99-9.80) 0.041
Spiculated sign Present vs Absent 5.12 (0.88-29.79) 0.069
Mean CT value ≥-150 HU vs <-150 HU 3.45 (0.98-12.20) 0.044
Vascular category III/IV vs I/II 3.88 (0.94-16.04) 0.061
Bronchial category I/II vs III/IV/V 4.12 (0.89-19.05) 0.070
Subtype of SSNs PSN vs NSN 3.76 (0.82-17.24) 0.089
Notes: AIS, adenocarcinoma in situ; IAC, invasive adenocarcinoma; SSN, subsolid nodules; NSN, nonsolid nodule; PSN, part-
solid nodule.

Table S3. Multivariate logistic regression analysis for differentiating AIS from IAC
OR (95% CI) P-value

Diameter (≥9 mm) 2.15 (0.68-6.82) 0.195
Lobulated sign (Moderate/Severe) 2.42 (0.72-8.15) 0.156
Mean CT value (≥-150 HU) 2.78 (0.81-9.55) 0.105
Notes: AIS, adenocarcinoma in situ; IAC, invasive adenocarcinoma.


